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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 2357

METHOD FOR CALCULATION OF
RAM-JET PERFORMANCE

By John R. Henry and J. Buel Bennett
SUMMARY

A method utilizing precalculated solutions graphically presented
for calculating subsonic or supersonic ram-Jjet performance parameters
is presented with the associated equations and graphs. By assuming
constant values of specific-heat ratio and gas constant equal to those
of standard air, the thrust-coefficient calculation has been reduced
to a few simple operations. 'Correction methods are presented to account
for variations in specific-heat ratio and gas constant. The correction
to the thrust coefficient for a typical set of operating conditions may
be of the order of 5 to 10 percent.

INTRODUCTION

A convenlent index to ram-jet engine performance is the thrust
coefficient, which is defined as the thrust force per unit flight
dynamic pressure per unit reference cross-sectional area. For a given
set of operating condltions, the thrust coefficient can be compared with
the drag coefficient to determine whether the propelled body will
accelerate, decelerate, or maintain a constant flight speed. The thrust
coefficlent also provides the engine designer or research worker with a
useful performance indicator which, to a certain extent, can be con-
sidered without regard to the propelled-body configuration. For given
engine performance, flight conditions, and fuel properties, the maximum
theoretical thrust coefficient can be calculated and compared with the
actual value. From this comparison, the shortcomings of the engine can
be determined and the direction of further developmental work fixed.

The flight-thrust-ceefficient calculation from performance data,
from estimates for the individual components of the engine, or from
performance data taken in directly connected duct tests can be most
laborious and time consuming, the amount of labor depending on the
amount of accuracy. attempted and the methods used. Extremely high
accuracy 1s difficult to obtain conveniently because of the problems
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involved in treating three-dimensional flows, the trial and error
processes and assumptions used in determining the change in gas properties
with temperature and chemical reactions, and the general lack of precise
data on the performances of the ram-jet engine components; however,
thrust-coefficient calculations based on one-dimensional theory and
frequently on standard values of specific heats and gas constant are
sufficiently accurate for most purposes. The error introduced by
assuming one-dimensional flow will vary according to the ram-jet design;
for example, most ram-jet burners produce transverse temperature varia-
tions in the combustion zone that produce deviations from one-dimensional

flow.

Through use of the momentum equation, the general energy eguation,
the continuity equation, the simple gas law, and the one-dimensional
theory, it is possible to estimate the conditions at each station in the
ram jet for a given flight condition, intake diffuser efficiency,
combustion-chamber performance, and exhaust-nozzle efficiency. The
obvious calculating procedure 1s to start at the diffuser inlet and make
a station-to-station analysis leading up to the determination of the
exhaust-nozzle exit velocity and the gas mass flow. When these quantities
are known, the thrust coefficient can be determined directly. An example
of this type of calculation which has been appreciably simplified by the
use of graphical solutions is presented in reference 1.

The previously outlined procedure can be appreciably shortened by
eliminating all intermediate steps and proceeding directly from values
of basic variables to the thrust coefficient. Expressing the thrust
coefficient in terms of basic variables leads to an unwieldy equation;
however, grouping variables and making use of precalculated solutions’
graphically presented reduces the calculation to a few simple operatiomns.
The purpose of this paper 1s to present such a calculation method, as
well as graphical solutions, algebraic derivations, and associated
equations for the determination of other significant quantities.

The calculations are presented as charts covering variable ranges
of flight Mach numbers from O to 4.0, combustion-chamber inlet Mach
number from 0 to 0.5, combustion-chamber temperature rise extending
gsomewhat beyond that obtainable with gasoline and air mixtures, and ail
possible values of diffuser total-pressure-recovery ratio and combustion-
chamber and exhaust-nozzle total-pressure ratio. Combustion-chamber
inlet Mach number was limited to 0.5 because higher values do not appear
practical with a ram-jet combustion chamber where the flow 1s confined,
since at this value an appreciable total-temperature rise will cause
thermal choking.
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SYMBOLS

speed of sound
area, square feet

thrust coefficient
internal-force coefficient

arithmetic average of specific heats at constant pressure
corresponding to static and total temperatures

external drag, pounds
fuel-air ratio
force, pounds

standard acceleration due to gravity, feet per second per
second

specific impulse, seconds

mechanical equivalent of heat

friction coefficient

Mach number

absolute static pressure, pounds per square foot
absolute total pressure, pounds per squére foot

dynamic pressure; one-half momentum flux per unit area, pounds
per square foot

universal gas constant, foot-pounds per pound per O

°Rr

absolute static temperature,
absolute total temperature, °R
total temperature increase across combustion chamber, °F

velocity



|

A

p

NACA TN 2357

air weight flow

mass-flow parameter

heat-addition parameter

ratio of specific heat at constant pressure to specific heat
at constant volume

arithmetic average of specific-heat ratios corresponding to
static and total temperatures

angle of inclination of external surface of body to thrust
axis

ratio of downstream to upstream absolute total pressure for a
particular engine component

pressure-loss parameter for method I
pressure-loss parameter for method IT

specific mass density

Subscripts:

0 to 5
a

b

I, II

conditions at corresponding stations indicated in figure 1
adjusted value

bedy

intake diffuser

external

internal

nozzle

fotal

segment of cross-secticnal ares

heat-addition parameter B

pressure-loss parameter for method I

calculation methods
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ANALYSIS

Theory

The conventional expression for net thrust on a ducted body in
flight is discussed in this section of the paper for the purpose of
identifying the pertinent forces, in particular the forces which are
to be classified as drag and subtracted from the gross thrust to obtain
the net thrust. Figure 1 is a sketch of a body suitable for this dis-
cussion. In relation to the terms force, thrust, and drag in this dis-
cussion, an algebraic sense has been adopted that a force acting from
right to left in figure 1 1s positive and that a force acting from left
to right 1s negative. The following expression for the net force on
the body is the sum of the momentum changes of the internal and external
flows between initial and final stations located in regions of free-
stream static pressure; thus,

o -
>
Fp = f i V5ix(pV)5yy dA - (g-) Vol +
= =
As,
e V5ex(pV)5ex dA - (g)evo (1)
© _

where the subscripts 1 and e refer to internal and ekternal flow,
respectively. The subscript x refers to the particular segment of
cross-sectional area dA at station 5 (fig. 1). The first bracketed
term of equation (1) may be a positive or negative quantity depending
on whether the body contains a thrusting engine or a drag-producing
object such as an air-cooled heat exchanger. The second bracketed term
will never be a positive quantity since the external flow is always
subjected to an over-all momentum loss due to energy losses associated
with flow over the body. Integral expressions have been used to make
the equation more general; however, the internal flow at station 5 is
frequently expressed one-dimensionally so that equation (1) 1s reduced
to the followilng:

Fp = (g)i(v5i ' VO) + j(;A5e VSex(pV)Bex dA - (g)evo (2)

——
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For isentropic external flow, no change occurs in external-flow
momentum between stations O and 5 so that equation (2) reduces to

Fp = (g)i(%i - Vo) (3)

Equation (3), in addition to being the expression for the net force on
the body fer isentropic external flow, or zero external drag, i1s also
the commonly used definition of the gross thrust force due to the engine
contained within the body under conditions of nonisentropic external
flow. Equation (3) is the gross-thrust expression utilized in the
calculation method identified herein as method TI.

ASe W
The term V5ex(pV)5eX dA - (g)evo of equation (1) or (2)
0

is defined as external drag. As defined, external drag arises from any
process to which the external flow is subjected which leads to total-
pressure losses or deficiencies. Such items as skin friction, separation
of the flow or turbulence, and shock waves fall in this classification.

At this point a discussion of the analytical and experimental
determination of various terms of equations (1) and (2) is desirable.
The terms associated with the internal flow can, in most cases, be
calculated from the given conditions for the problem. One notable
exception occurs for certain supersonic flight cases and 1s discussed
subsequently. The group of external-flow terms or the external drag is
not calculable in many instances. For subsonic flight speeds, such is
generally the case and drag must be determined experimentally for a
glven body under the desired operating conditions or estimated from test
results of a similar body. The several methods for determining drag
experimentally generally involve use of one or more of the following
items: wake-survey measurements, wind-tunnel balance measurements, and
external-force determination through the use of surface-static-pressure
measurements and friction-force estimates.

Inspection of equations (1) or (2) and figure 1 indicates that the
obvious method for determining drag experimentally is to measure the
momentum of the external flow at stations O and 4, provided that the
static pressure at station 4 is equal to that of the free stream. If
the static pressure at station 4 is not equal to that of the free stream,
for subsonic flow it is still possible to estimate drag from momentum
measurenments. The momentum of the internal flow at station 5 can be
estimated from méasurements at station L4 on the assumption of no losses
between stations 4 and 5. From measurements of the momentum of the
combined flows at station 5, the external-flow momentum can be determined
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and the external drag evaluated. For supersonic flow this procedure is
not convenient because of the presence of shock and expansion waves
between stations 4 and 5 when PLi 1s not equal to pgy.

Since equation (1) is the expression for the net force on the body,
this equation represents the thrust or drag force that would be measured
by a wind-tunnel balance. From internal-flow-momentum measurements,
mentioned previously, and the balance readings, the external drag can be
determined.

Through use of surface-static-pressure measurements taken on the
part of the body surface wetted by the external flow and estimates of
the skin-friction coefficient, the force parallel to the thrust axis
on the outside surface of the body can be computed as follows:

Aep Aeb :
Fep = -t/g (cos 8)Kge dAgp - jC (sin 8)pe dAep (%)

where the subscript eb refers to external body surface. The first
term of equation (4) expresses the friction-drag force as being propor-
tional to the product of the cosine of the angle of inclination of the
external surface to the thrust axis, a friction coefficient K, the
local dynamic pressure, and the external-surface area. The integral is
taken over the entire external-surface area. The second term is the
external-pressure-drag force in terms of the components of the external-
surface-pressure forces parallel to the thrust axis. The internal force
on the body can be determined through use of internal-flow measurements
at stations 1 and 4 and the following equation:

W
i - (E)i (b1 - Vig) + Pushyy - prghyy )
Since

Fb = Fib + Feb (6)

equation (2) is equivalent to equation (6), and the two are solvable for
the drag term as follows:

A5e w
= Vv dA - {=-]V
e JC 5ex(PV)5ex (g)e 0
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An inspection of equations (4) to (7) shows that the numerical value of
drag is independent of the pressure reference; therefore, to determine
the drag the pressures may be referenced to free-stream or to absolute
zero presSure as shown. Unlike thrust and drag expressions, the absolute
force expressions of equations (4) and (5) do not become zero for the
no-flow condition.

At supersonic flight speeds for certain cases, equations (1) and (2)
have practical application with regard to analytical calculations. For
internal air flow, if, through use of a suitably designed exhaust nozzle,
free-stream static pressure is obtained at the nozzle exit (station &),
V) 1is equal to Vs and is calculable. However, when an under- or
over-expanded exhaust nozzle 1is present, the determination of the
velocity at station 5 is likely to be impractical because of the serles
of expansion and compression waves present between stations 4 and 5.

~ The calculation of the external drag for supersonic flow requires,
according to equations (7) and (L), that the external-flow dynamic and
static pressures be calculable at all points on the external surface,
which is generally possible for supersonic inlets operating at design
conditions; however, if the diffuser back pressure is large enough, a
normal shock wave will be present upstream from the inlet lip. The
presence of the normal shock introduces a region of subsonic flow in
front of the inlet in both the internal and external flows, which
precludes ordinary calculation methods. Some special methods are
available for calculating these flow conditions such as that presented
in reference 2. Generally, supplementary experimental data are required.

The operating condition described in the preceding paragraph, that
is, operation with a standing normal shock in front of the inlet,
requires that the internal-flow stream tube diverge in the region of
mixed subsonic and supersonic flow between the normal shock and inlet
1ip. A divergence of the internal-flow stream tube is also obtained
in the purely supersonic case for an inlet with spike-type center body
operating with the oblique shock ahead of the inlet 1lip. Since a
diverging stream tube in these cases indicates that external compression
is teking place, a pressure-drag force on the external surface of the
stream tube and an equal and opposite force in the thrust direction on
the internal surface are introduced. If the net force on the body is
determined by adding algebraically the conventional gross thrust
expression of equation (3) and the external drag and if the external drag
is determined from a summation of external-surface pressure forces and
friction estimates, the pressure-drag force on the stream tube must be
added to the external forces on the body to determine total external
drag, because the conventional gross-thrust expression includes the
thrust force on the stream tube. For this reason the pressure-drag
force on the stream tube is frequently referred to as additive drag.
Additive drag occurs only for supersonic inlet diffusers which compress
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externally because the streamlines to the diffuser lip are parallel
in the absence of external compression.

As previously mentioned, the analytical evaluation of V5 is not

practical for supersonic flow if the exhaust-nozzle-exit static pressure
is not equal to free-stream static pressure. For application to this
case, a second calculation method, method II, is pregsented, which leads
to the evaluation of an "internal-force coefficient." If the internal
flow from stations O to 4 (fig. 1) is considered to be contained within
a stream tube, the internal-force coefficient evaluates the summation
of the absolute forces exerted by the internal flow on the walls of the
stream tube. For the design in which free-stream conditions exist
immediately upstream of the intake-diffuser 1lip, the walls of the
internal-flow stream tube between stations O and 1 become parallel so
that any forces on this segment of the tube parallel to the thrust axis
are eliminated; therefore, the internal-force coefficient, in this case,
evaluates the absolute force on the inside surface of the ram-jet body.
The expression for the internal force of calculation method IT is as
follows:

Fo_ug = (g)i (Vui - Vo) + PhiAhi - PoAoi (8)

where static pressures are absolute quantities.

In order to obtain the net force on the ram-jet body, the absolute
force on the external surface of the ram jet plus the absolute force
exerted by the external flow on the stream tube between stations O and 1
must be added algebraically to the expression of equation (8). The
external -force quantity to be added algebraically to equation (8) is
as follows:

Fo-ke = - [pliAli + (Z)im] . E’o%i + (g)iVél + Fep (9)

where the static pressures are also absolute quantities. The fact should
be noted that, when the walls of the stream tube are parallel between
stations O and 1, the external-force quantity Fgo_Le Dbecomes equal to

the absolute force on the external surface of the ram-jet body Feb--
All the conditions pertaining to the feasibility of drag calculations
also apply to the external-force calculation of method II.
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Application of Theory to Calculation Methods

Method I is based on the expression for the conventional thrust
coefficient, which includes the thrust quantity of equation (3):

_ W v5(1 + f) - Vo
g A3,

The fuel 1is assumed to be introduced between stations 0 and 5; hence,
the term (1 + f) is used to correct the mass flow at station 5 to the
sum of the fuel and alr. Adlabatic processes are assumed between
stations O and 2. The reference cross-sectional area is taken to be
that of station 2. By use of the perfect gas law, Bernoulli's
compressible-flow equation, and the aforementioned assumptions,
equation (10) reduces to

= 72Rp R5§5
nq \’__H_ael £) - 11
a 7oR2 |\ Ro”0 (1410 - : v

Cy (10)

I

Cp

I
where
D
ng = =2 (12)
P+o
70"'1
70 -1 5 70 2(70-1)
ol1 + » My %
a = — | ' (13)
o+l .
2(75-1)
2 21 570

o T -1 o7 Alyps
B = ‘?—_-—l\/;_+ 5 MO==—+—T"6—— ) (14)
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7o(75-1) ¥e-1
—_ —_— -1 —
6 =11 - _ e (15)
% -1 70 d n Pt3
trTe Mo 5 pt2
and
P
t>
Mn = (16)
. byy

The appendix contains a complete derivation of the preceding
equations, as well as expressions for ptj/PO’ th/To, Tj/TO’ A5/A2,

I, and M5.

Equation (11) is of the same general form as equation (10), but the
term Vo has been replaced with My and the rest of the terms replaced
with the parameters a, B, and 6, the gas properties, and the diffuser
total-pressure-recovery ratio. The mass flow is directly proportional
to a, a function of combustion-chamber-inlet Mach number, flight Mach
number, and gas properties. The exhaust velocity V5 1is directly
proportional to the product of B and 6. Flight Mach number, the
ratio of combustion total-temperature rise to free-stream static tempera-
ture, and gas properties determine B; whereas 6 1s a function of
flight Mach number, total-pressure ratio through the ram jet from free-
stream to free-stream conditions, and gas properties. The parameters a,
B, and 6 can be designated, roughly, as the mass flow, heat-addition,
and pressure-loss parameters, respectively. The parameters a, B,
and 6 are interrelated to a certain extent because they are functions
of Mp, ATtp.3, and pt3/pt2, respectively, all of which are associated
with the combustion-chamber performance. For a given combustion-chamber
geometry, the values of all the following variables are determined by
fixing two: Mach number before and after combustion, total-temperature
ratio through the combustion chamber, and total-pressure ratio through
the combustion chamber.

The second calculation method is based on the following equation
for internal-force coefficient which includes the force expression of
~equation (8):

_ Mo V(L £) - Vo muhy pofo

= (17
299 A Ax9,

Cr
1T
g A qu

where the static pressure at station 4 may be greater or less than
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atmospheric static pressure as previously discussed. If procedures
similar to those of method I are used, the force-ccefficient expression
of equation (17) can be reduced to:

7oRo|y [Ru7L 1
where
1
1+

72
A= e (19)

4

1+ o

Bi - )7

The appendix contains a complete derivation of the preceding equations
as well as expressions for Ti)/To, P4/Pg, Tu/Tg, My, and Pl /Py -

Equation (18) differs from equation (11) in that, in order to account
for the pressure-area terms, 6 has been replaced by A and another
flight Mach number term introduced. Although X 1s a function of gas
properties and the Mach number at station 4, it can still be considered
a pressure-loss parameter similar to 6 since the Mach number at
station 4 is dependent on the pressure losses up to that station.

The methods of calculation can be adapted to any engine in which
continuous-flow air processed in the thermodynamic cycle is employed
for propulsion. The required modifications to the ram-jet application
are that, for the combustion parameter B, the term ATt2-3 must be

the algebraic sum of all total-temperature changes from the free stream

to the nozzle exit and, for the pressure-loss parameter 6, the group

of total-pressure-ratio terms must be an expression of the total-pressure
ratio from the free stream to the nozzle exit. Additional terms intro-
duced by these two modifications can be expressed in terms of efficiencies
and other fundamental parameters associated with the added engine components.
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GRAPHICAL PRESENTATION OF SOLUTIONS

Calculation Based on Standard-Air Properties

An examination of equations (11) and (18) indicates that the main
problem in the determination of the thrust coefficient is the evaluation
of the mass-flow parameter a, the heat-addition parameter B, and one
of the two pressure-loss parameters 6 or \. A close approximation
to these quantities can be obtained directly by assuming standard-air
values for the ratio of specific heats 7 at all stations. Plots of
equations (13), (1k), (15), and (19) are presented on this basis in
figures 2 to 5. (Each figure has been broken down into several page-
size plots for the purposes of accuracy and convenience; however, the
first figure in each group covers the entire range of variables and can
be used to determine the appropriate plot for particular values of the
variables,)

The thrust-coefficient expressions which are appropriate to use
with values taken from these figures are as follows:

4

. Cpp' = nda'[B'G'(l + ) - Mé] (20)

Crry' = nda'{B'X'(l + f) - M, -'1 iM } (21)
f . O

Values based on standard-air specific-heat ratio and gas constant have
been designated as primed values. As is indicated in the discussion of
the numerical example, thrust coefficients calculated on this basis for
conditions representative of typical ram-jet operation are on the order
of 5 to 10 percent low. This discrepancy, however, varies according to
the given conditions and 1s mainly a function of the total-temperature
levels in the engine and the fuel properties.

An inspection of the preceding equations indicates that, with one
exception, the thrust coefficient and associated parameters involve only
basic variables such as flight Mach number, diffuser total-pressure-
recovery ratio, combustion-chamber characteristics, exhaust-nozzle total-~
pressure-recovery ratio, which would be either given or measured. The
one exception is the pressure-loss parameter A\, which is a function of
the Mach number at the exhaust-nozzle exit (station 4), which in turn is
a function of the Mach number at the end of the combustion chamber
(station 3), the nozzle-area contraction, and any total-pressure and
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_temperature changes between stations 3 and 4. The Mach number at

station 3 is obtainable directly from the basic combustion-chamber
variables, provided that the calculated or measured performance is
available in a form similar to that of figure 6, which is a plot of the
characteristics of a combustion chamber with low friction and turbulence-
pressure losses. Additional information on this subject is available

in reference 3, in which thecretical relations concerning combustion-
chamber performance are presented. The Mach number at station L4 can be
evaluated by use of the expression

W

M = [eRTs g(l - (22)
F+1 \V

7+l Y Apy,
=1 2(7-1)
1+ l-%- M2 L

4

derived from the presentation in reference 4 and plotted in figure 7.
The exhaust-nozzle Mach number is evaluated from figure 7 by obtaining
the ordinate corresponding to M3, miltiplying it by the factor

ﬂp_tﬁ\,ﬂﬁafﬁ,
A3 pe3 73 Ry Ty

and reading M), corresponding to the new ordinate. The term 7/7 is
negligible up to a Mach number of approximately 3.0 and has been neglected
in this range. Figure 7(e) presents a correction factor for use when

7/7h deviates from a value of 1.0 in the range of Mach number from 3.0

to 4.0.

The value of fuel-air ratio of equations (20) and (21) depends on
the type of fuel used, the desired combustion-chamber total-temperature
rise, the total temperature before combustion, and the burner efficiency.
As an aid to evaluating this quantity, the theoretical variation of fuel-
air ratio with total-temperature rise andi the initial total temperature
has been calculated for the combustion of n-octane and air through use
of references 5 to 11 and plotted in figure 8. All effects due to
dissociation were accounted for in the calculations by using the assumption
that equilibrium conditions are attained. The fuel-air ratio plotted is
an effective value or one based on 100-percent burner efficiency. The
value substituted in equations (20) and (21) should be the effective
value modified to compensate for the burner inefficilency.
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For simplicity of presentation, sample problems have been calculated
by both methods for the same conditions at a supersonic flight Mach
number of 2.0, The combustion of n-octane and air at 100-percent burner
efficiency has been assumed. 1In order to illustrate the calculation

procedures in more detail, an outline of a numerical example is presented
in table I.

Calculation Accounting for Variation of Specific-Heat Ratio
and Gas Constant

For more precise answers, additional charts and information have
been supplied to correct o', B', 6', and A" to correspond to
equilibrium values of the specific-heat ratios. The mass-flow-parameter
correction factor i% is plotted in figure 9. The assumption was made

o
that the average of the specific-heat ratios corresponding to total

and static temperatures 70 is equal to the average of the standard

air value, 1.400, and the value 740 corresponding to free-stream tbtal

temperature. This assumption holds as long as the free-stream static
temperature of the air 1s not appreciably in excess of 500° R. The
assumption was also made that terms involving the combustion-chamber-
inlet Mach number M, are insignificant. This assumption holds within
the limits of M2 = O to 0.5 fixed in this paper. The expression

7t0+3.)+
[1 0.7 74 - 0.6  ,|P07£0-0-8)
+

¥ + 1.4 Mo
o t0 (23)

3.0
MA2
(1 + —%—)

which is plotted in figure 9, was derived from equation (13).

The heat-addition-parameter correction of pB' to P 1is obtained
in a different manner. First, an intermediate value of B', designated B",
is determined. An adjusted value of Mg, Mpgp, corresponding to corrected

values of the specific-heat ratios at station 0, is obtained and is
substituted in the B' charts (fig. 3) to obtain PB". The relation
between Mggp and MO

3.5<7to - 0.6)
+ 1.4

Moap = Mo (2k)

T+0



16 , NACA TN 2357

was obtained by setting the term involving Mgy 1in equation (1k) equal
to a similar term in which Mgpgg and standard-air values of the specific-

heat ratio were used. Equation (24) is plotted in figure 10. Second,
in order to correct the heat-addition parameter B" to B, equation (1k4)

indlcates that
B - B” —O.NO (25)
75 = 1 :

The correction of the pressure-loss parameter 6' to 6 1is achieved in
the same manner as the correction of B' to B". Two steps are necessary,
since both Mgy and the total-pressure-ratio terms of equation (15) are
complicated by the specific-heat ratio. Using the term involving Mp

in equation (15) gives the expression for Mpag:

§ (7£071-4)(75-1)

0.7 - 0.6 =

Mogg =\ [D |1 + (7to ) M02 75(7to'0'6) -1 (26)
Yo * 1.4

This equation is plotted in figure 11. This adjusted value of Mp can
be used in the 6' charts to obtain 6". By the samevprocedure,

3.5(75-1)
11 1 11 1 75

- (27)
Ta T Pt3/Pro 2 \'a M Py3/ P

which is plotted in figure 12, Using values obtained in figures 11 and

12 to substitute in the charts for 6' (fig. 4) results in the corrected
value 6.

. The procedure for correcting the pressure-loss parameter A' is
similar to that used for o' except that two steps are again necessary.
First, A' 1is corrected to A" which is a value based on the assumption
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that 7& is equal to UK The following expression, which is plotted
in figure 13(a), is obtained from equation (19):

2 1
M= + =—
P M2 +5
M "u b (28)
M2 + ilﬂ M7 + -2

7, - 1

Second, A" 1s corrected to A through use of the following expression:

Y
Mue = Zh Mue + :__2__
A YL 7y Ty -1
o = 5 (29)
MAQ + _.i Mhe + :'2—— —_
7 7, - 1)

which is plotted in figure 13(b). The effect of changes in ?M is
negligible in the preceding expression and is neglected in the plot.

In order to determine the specific-heat ratios 7, 7t, and 7 to

use in the preceding corrections, it is necessary to know the effective
fuel-air ratio, the temperatures appropriate to the particular specific-
heat ratio, and the relation between 7, temperature, and fuel-air ratio
for the particular gas. The aforementioned gas properties have been
calculated, for the combustion of n-octane and air, by use of references 5
to 11. All effects due to dissociation were accounted for in the calcu-
lations by using the assumption that equilibrium conditions are attained.
Plots of combustion total-temperature rise as a function of fuel-air
ratio and initial temperature and the instantaneous value of the ratio of
specific heats and the gas constant as functions of temperature and fuel-
air ratio are presented in figures 8, 14, and 15, respectively. Use of
the effective fuel-air ratio is equivalent to assuming that the unburned
fuel has a negligible effect on these values, as 1s true for reasonable
combustion efficiencies. Figures 8, 1L, and 15 were calculated on the
assumpbion of 1 atmosphere pressure. Reference 5 indicates the effect

of pressure to be very small; for instance, an increase in pressure

of 5 atmospheres produced a maximum of 0.25 percent change in temperature
rise.

The variation of the ratio of specific heats (fig. 1L) is quite
marked with tempersture increases up to 2500° R. From 2500° R to 5000° R
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the variation with temperature 1s much less significant than the compo-
sition or fuel-air-ratio effect, which is approximately constant over the
temperature range up to the point where dissociation takes place. The
effects of dissoclation are to break down the water, the carbon dioxide,
and the nitrogen into elements and compounds in such a way that the ratio
of specific heats of the mixture becomes more similar to that of air.
These effects tend to reduce the spread between the curves of constant
fuel-air ratio in figure 14 as the temperature is increased above 35009
to 4000° R.

In the determination of the various parameters involved in the
calculation of thrust coefficient, small changes in the ratio of specific
heats 7> will produce large changes in the values of the parameters
because the difference between 7y and 1 appears in exponents and multi-
plying factors in equations (13), (1k), (15), and (19). On the other
hand, small changes in gas constant have little effect on the value of
thrust coefficlent since the gas constant appears only as a square root
multiplying factor in equations (11) and (18). The gas constant (fig. 15)
varies only with the composition of the gas. This variation is less than
1 percent up to temperatures at which dissociation takes place. At 5000° R
the spread in values of gas constant between air and a stoichiometric
fu~l-air ratio is approximately 5 percent.

In order to evaluate the correction factor o/a', it is necessary to
determine the free-stream total temperature Typ for use in figure 1k,

The temperature can be determined through a trial and error solution of
the following equation:

—_— = +
0 Yoo * 1.4

Mo? (30)

derived from the value of TtO/TO given in the appendix. The tables of

reference 12 will be found useful in performing the first step of this
calculation. Generally, only two steps are necessary since the effect
of changes In 7y 1is small 1n this case.

The correcticns to B' and &' must be calculated concurrently
since the static temperature at station 5, T5, is a function of both 8
and 0. Correcting B' and 8' to B" and 8", respectively, which
accounts for deviation of the free-stream specific-heat ratios from
standard values, is a straightforward process using 7o 1in combination

with figures 3, 4, 10, and 11. Corrections from B" to B and from 6"
to 6 are more complicated as they require a trial-and-error process.
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The expression for Tt5/TO as derived in the appendix is

Tys _ 75 -1 52
To >

This equation combined with equation (25) gives

T
Tis = ??BHE (31)

The adJusted pressure-ratio term, and thus 6, can be approximated by
using Y45 corresponding to Tt5 and figure 12, Then from equation (25)

and the expression for T5/To as given in the appendix:

Ty = %g a"2<1 - 92) (32)

which is plotted in figure 16. From the approximate Ts, 75 can be
evaluated by using figure 14. At this point a revised value of 75

should be determined provided that T5 1s within the region where
dissociation takes place, as indicated in figure 14. This value is
obtained by starting at a point corresponding to 75 and ’I'5 and

moving up to TtS along a line parallel to the curves corresponding to

specific-heat ratios for no dissociation. This procedure produces a
specific-heat ratio corresponding to T¢5 for a gas of the same compo-

sition of exhaust products as at Ts. 1If Ty5 Were taken at the correct

temperature and fuel-air ratio for dissociated mixtures, there would be
a discrepancy between 75 and 745 in that the gas would have changed

composition between the two temperatures. Since the total temperature
in this case does not exist physically in the gas but is a mathematical
concept, the composition at the static temperature is taken as being
correct. After re-evaluating the average specific-heat ratio 75 the
process for calculation of the static temperature Ts can be repeated
until the values converge. Usually the main part of the correction is
accomplished by 'using specific-heat-ratio values based on the total
temperature so that the trial-and-error processes produce only second-
order corrections. The final value of the combustion parameter f can
be evaluated by using equation (25).



20 ' NACA TN 2357

In order to calculate the thrust coefficient from equation (11), in
addition to the parameters previously discussed, R5, Ro, 705 Rps

and 7y have to be determined. The evaluation of R5 can be made
directly by using T5, the effective fuel-alr ratio, and figure 15. The

terms R, and 7, can be assumed to correspond to zero fuel-alr ratio
and Tyq; therefore, 7, equals 7{g. Standard values can be used for
Rg and 7Q-

The determination of the appropriate temperatures and specific-heat

ratios for the correction of the pressure-loss parameter A' ‘is similar
to that of 8'. As derived in the appendix,

Tey 7y -1
Ty 2

52

From this expression and equation (25),

Tey  p"e

A first approximation of T) is obtained by using the following
equation:

1 "2 - - .
o _ B (3k4)
To Mh2 +5

This approximate value, based on the standard-air value of the specific-
heat ratio, is related to the corrected static temperature by the
following expression derived from the equation for Tu/To (see appendix)
and equation (25):

0. My o
T, 3 "'(M”E * 59
L S (35)
TR -
’ M2 + =—Ji—- ZE
S/ 7

Equation (35) has been plotted in figure 17. By first substituting in
equation (35) the specific-heat ratio corresponding to Ty', Ty can be
evaluated by trial and error. Once T4 1s obtained 7u can be evaluated
and the pressure-loss parameter ) can be determined directly from figure 13.
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An outline of the calculations necessary to correct the numerical
examples in the preceding section for deviation of the specific-heat
ratios and gas constants from standard-alr values is presented in
table IT.

In order to 1llustrate the general method, the numerical examples
presented include all the detailed corrections for deviation of 7y
and R from standard-alr values. However, thrust coefficients for the
conditions of the example presented have been calculated by assuming no
deviation from standard-air values except at stations 4 and 5, where 7,
7, and R were assumed to correspond to total-temperature values, so
that all trial-and-error processes are eliminated. The answers arrived
at by use of these assumptions agreed with those presented in steps 36
and 46 of table II within less than 1 percent. If for a particular prob-
lem an appreciable number of calculations are to be made by using cor-
rected values of specific-heat ratio and gas constant, the number of steps
generally can be considerably reduced in a manner similar to that
described. :

CONCLUDING REMARKS

A method utilizing graphical presentations of precalculated solutions
for calculating ram-jet thrust coefficient and other important quantities
has been presented with the associated equations and graphs. By use of
the assumption of constant values of specific-heat ratio and gas constant
equal to those of standard air, the calculation procedure permits in a
few simple operalions the direct determination of thrust coefficient from
values of basic varisbles. Additional procedures are presented for )
correcting for deviations of specific-heat ratio 7 and gas constant R
from standard values. An examination of the differences between the
corrected and uncorrected values of the calculated thrust coefficients
in the numerical examples indicates that the values based on standard
specific-heat ratio and gas constant are 6 or 7 percent low. These
differences are believed to represent fairly typical accuracy for ram-jet
performance calculations in current use. Inasmuch as the assumption of
one-dimensional flow may introduce errors of similar magnitude, the
aforementioned discrepancies are probably permissible for most calculations.

In cases where it 1s desired to correct for specific-heat-ratio
and gas-constant variation, a number of the less significant corrections
described in the general calculation procedure can usually be omitted
without appreciable loss of accuracy. Short cuts of this nature,
applicable to the conditions set up in the numerical example, have been
previously discussed.,
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The variation of specific-heat ratio 7 +throughout the thermodynamic
cycle is more important than the gas constant because the quantity 7 - 1
appears as an exponent and also as a multiplying factor in a number of
equations; whereas the gas constant appears only as a square-root multi-
plying factor. Varlations in the value of ¥y result from changes in
temperature and fuel-air ratio and from dissociation effects. The
variation with temperature reduces with rise in temperature and becomes
less important than variation with fuel-alr ratio above 2500° R. The
effect of increasing amounts of dissociation is to reduce the effect of
changes in fuel-air ratio. The variation in values of gas comstant with
fuel-air ratio is less than 1 percent up to temperatures where dissociation
occurs. At 5000° R the spread in values of gas constant over the fuel-
air-ratio range up to stoichiometric fuel-air ratics is 5 percent.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., December 8, 1950
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APPENDIX

DERIVATION OF THRUST- AND INTERNAL-FORCE-COEFFICIENT
EXPRESSIONS AND ASSOCIATED RELATIONS

Thrust Coefficient and Related Parameters Obtained by Method I

The conventional thrust-coefficient expression for ram jets (see
fig. 1) is:

g@¢1+-ﬂ -vd

quo

CFI =

The following expression gives Bernoulli's application to compressible
flow:

Tys - T5 = % | (1)
For isentropic flow,
Zé:i
T5 = Tt5(§%§) 75 (A2)

Substituting equation (A2) in equation (Al) gives

2
Vs

] oaRs __75__
75 -1

(A3)

+J
d.
N

o}

1
/\
& |or
)|
S———

|

\J1

|
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2k
Expanding pS/Pt5 into the product of several pressure ratlos

and substituting Py for P5 yields

-’;5-1 ;5'1 5
T o\ 3= [Pto Pro Pia\ 7. Ve
15.1_(_0)7 <_t_0_za__t; 75 | - 5 _ (Al)
To P£0 Pio Pi3 Pis DgRT,. 2

Substituting the expression for Mach number and the speed of sound

in equation (Al) as applied to station O gives

2 70 (45)

Converting equation (A5) to a pressure ratio by using an isentropic

relationship

75-1 70(75-1)
(i) 5 1 75(70) (46)
PO 70 - 1 '
1+ 70 M02 _—_9

The expression Tt5/TO may be written as follows by use of equation (A5)

T Ty + Ao 70 -1 7o . ATto-
65 To ey, Jo 7y 270, 23 (A7)

2 o To
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The perfect gas law and the expressions for Mach number and the
speed of sound can be used to write an equation for mass flow as follows:

W v. . _Te - S (A12)
g—oeAzz-gRETzaeMeAe-\lT—g gRQAeMe

Equations similar to equations (A5) and (A6) substituted in equation (Al2)
produce

Wo_\[2 Peotot (A13)
g gRp 724‘1
2% )
-1
\Teo (1 + 222~ w2 12
7o
ot
- (7.1
{"’“dPoAQME 1+ 5 My~ =
W 2 70
L (A1l)
g ghy . Yo+l
- 2(7,-1
PR o)
7o
Let
70+1
= 2(70‘1)
2(1 + 0 - - ; Mo° _7_—°> Mo
@ = ol (A15)
72+l
2 7o - o 72
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Equation (Alk) then can be simplified to

2
W _\ [Z2 NaPoho Mo~ (A16)

AN

From the definition of Mach number,

Vo = agMg = Mo‘ﬁogROTo (A7)

Flight dynamic pressure may be expressed by the perfect gas law and the
expression for the speed of sound as '

2,2 70 2
U =3 PP Mo =7 Potlg (228)

!

Equations (A16), (A11), (Al7), and (A18) may be used in the expression
for thrust coefficient to produce

7oRo |y [Rs75
Crp = ngay [ 22 \ |22 po(1 + £) - M, (A19)

7of2 [V Bo70

Other parameters at station 5 can be derived in terms of a, P, and 6.
From equations (Al), (All), (A7), and (A9), it follows that

2 —
;% ) _‘3_(75_2_3(1 _ 92) (A20)

Substituting the relations of the perfect gas law, and equations (A20),
(A11), and (A16) in the expression

W(l + f)

A =
> grs5Vs
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produces

R g2
725 ngM2(1 + ) (#21)

(75 - l)&B
75 o

From the expression for Mach number and the speed of sound, equations
(A11), and (A20), it follows that

2y 2
M5 =\ == 2 ° > (A22)
(75 - 1)75 1 -6
From equations (A7) and (A95
T Ye - 1 :
t5 75 2
T = =— B (A23)
From equations (A2), (A20), and (A23)
75
Pt5 - 1 75—1 (A2k)
Py 1. 6°

The expression for specific impulse (pounds thrust per pound fuel per
second) is

v.(1 +f) -V
T =2 0 (A25)
gf

Substituting from equations (All) and (AlT) in (A25) produces

= 2 \/ZZR BO(1 + £) - Mg (26)
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Internal-Force Coefficient and Related Parameters

Obtained by Method IT

The internal-force-coefficient expression (see fig. 1) is

W
E[Vh-(l + ,f) - VO] + PLAYL - Pohg
Axqg

CFrp =

The derivation used in obtaining equation (A3) may be applied to station k4
to give the expression

7)-1
;" V. 2
Ttl& 1 - —p)i— = _)-I-_ (A27)
th L N :

7y -1

Substituting from equations similar to (A2) and (A5) as applied to
station 4 in equation (A27) produces

2

1 Vi
Tl = = (A28)
27, 2gR),7),
1+ = 5 =
(7y - DM | 7y -1
Solving for V) yilelds
7,Tq T
v, = 2gRL7,To Ty 1 _ (A29)
7 -1 To L. 27),

(7 - 1,2
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An equation similar to equation (A7) may be used for (T4y/To) in
equation (A29) to obtain

Ry Yo - 1 ¥ AT
V) = | [2g =22 pol1 + 20 M2 =2+ —23 1 __
7y -1 2 7o ~ To 14 27y
(7, - V)57,
(A30)
Let
1
1+
.2
A = k) (A31)

1+ 7
(70 - Yt

»

Substituting from equation (A9) and (A31) reduces equation (A30) to

vy = \[ERy7T, ——@—I— (32)

1+

7th2

Equations (A32), (A16), (Al7), and (A18) substituted in the internal-
force-coerficient expression gives

Cpmr = mot 72Ro \/Rh7h BA(1 + f) AR PLAL  Pohp
II ~ 4 - a. A QA
Tofo\V Bo70 ; , —2L s s

M2

(A33)

Equation (A9) may be used in an equation similar to equation (A7) for
station & to give

Teh _ 7y -1

B2 (A3L)
TO 2
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Equations (A32) and (A3L4) may be substituted in equation (Al) as
applied to station 4 to obtain

T Y, - 1 2
L I Sl X (435)

To 2 1 2
1 +
VuMue

Substituting the perfect-gas relationship and equations (A35),
(A32), and (A16) in the expression

Ay = W1+ £) (A36)
N :
produces
_ o 1+ ; 5
ToR)y vy - 1 M 7
Py \j GHNE Ml B L S SN (S S e
P Royy, 2 Ay 2 » 1+ —=
"My,

—2 . 222 (A38)

Combining equations (A18), (A37), and (A38) yields

phAh X /72Ro R /Ruvu 7u - 1// hMu ) A (1 + 1) (A39)
7OR2 la RoYo \\ 14—

7M,°
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Solution of equations (A39), (A31), and (A33) gives

7R R 7 P '
CFII = —Q—RTO nda, Rh 4 B)\,(l + f) - MO - 'O—AO (A)-I—O)
7o 0’0 Iho

Substituting equation (A18) and the continuity equation between
Poho

produces
Ipho

stations O and 2 in

Poho 2 PVp (Ab1)

ahs  7Mo” PoVo

Y — s om

"Equation (A41) may be expressed in terms of the perfect gas law
and the relationships for Mach number and the speed of sound as follows: .

Pofo o Po My [7oRgTp (a42)

aoho 7M2Po% 7oRoTp

Substituting expressions similar to equations (A5) and (A6) for o

stations O and 2 produces
70#1

- 70"
— (1 + 70 - M02 ;-> ( )
Poho _ 2 Mo [roRo Pro 2 70, (Ak3)
qoho 70”0"2 MO\]7OR2 Pto To+l

_ 2(7p-1)
-1 2
(1 L2 0 72

7 Y =—

Substituting equation (Al5) in equation (A43)

-
P0l0 \ 22 1, (AbY)

1k \[Faro 7o @
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From equations (Akk) and (AkO),

[roR Ry
Cp__ = 2 0 Bh o1+ £) - My - =L Ak
= nd\\17032 . dRO7O L+ 1) - o Y Mo (Ah)

Expressions for the total-temperature ratio and static-pressure
- ratio for station L are given by equations (A34) and (A37), respectively.

Substituting equation (A31) in equation (A35) produces

o B° (A46)

T 14
0 2
—E M,Z +

7y Ty -1

Equation (A31) can be solved for Mach number as follows:

-[%h(xe - 1) + i]*x\qk7h)2(x2 -1) +1

(A47)
(A% - 1)(7), - 1)

Mh =

Through use of an equation similar to equation (A2) but written
for station 4 and equations (A34), (A35), and (A37), it follows that

7L+l

7),-1
N _ YRy 7y - 1 i\?_ Mo ; op My ( Ak8)
Py Ryy, 2 A, 2 4 1

1+ 1 5 2 - A2
7uMy

7),-1
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TABLE IT.- ILLUSTRATIVE EXAMPLE FOR CONDITICNS CORRECTED TO ACCOUNT

FOR VARTABLE SPECTFIC-HEAT RATIO AND GAS CONSTANT

Eﬁher steps are given in table I]

Step Variable Value
Method I.- Thrust coefficient

#19 | 740 = 7o 1.38L43|Step 20 and figure 14(a)

B0 |Tig = Tyo 930|Steps 1, 3, and 1§ and equation (30)
21 If .0538|Steps 5 and 20 and figure 8(4d)

22 a/a' 1.008(Steps 1 and 19 and figure 9

23 la .575|Steps 13 and 22

2l Tys5 3930|Steps 5 and 20

25 MOaB 1.988|Steps 1 and 19 and figure 10

26 |p" 6.152 |Steps 10 and 25 and figure 3(d)

27 Y5 1.2569|Steps 21 and 24 and figure 1L4(d)
bog Ts 2797|Steps 3, 26, and 34 and figure 16(a)
29 7s 1.2724 |Steps 21 and 28 and figure 1k4(c)

30 |75 1.2646 |Steps 27 and 29

31 |Mgas 1.635|Steps 1, 19, and 30 and figure 11(c)
32 lKPta/Ptg)ndnn}a .T72|Steps 11 and 30 and

33 |B 7.560 [Steps 26 and 30 and equation (25)

34 |o .546 [Steps 31 and 32 and figure 4(d)}

35 |Bs 53.72 |{Steps 21 and 28 and

36 |Cp .9836 [steps 1, 2, 19, 21, 23, 30, 33, 3% and 35

I and equation (11}

[ESENES SN

Method II.- Internal-force coefficient

37

39
ko

b

ko
L3
Ly
L5
46

7y

AT/

)“/)\‘n

1y

B

C
F11

3285
1,062
3489
1.2615
1.2592

.869
1.000
.608
7,644
1.054

Steps 3 and 26 and equation (34)
Step 41 and figure 17

Steps 37 and 38

Steps 21 and 39 and figure 1k{d)

Steps 27 and 40

Step 41 and figure 13(a)

Steps 40 and 41 and figure 13(b)

Steps 17, 42, and 43

Steps 26 and L1 and equation (25)

Steps 1, 2, 19, 21, 23, 35, 41, bk and 45
and equation (18)

and -error process.

approximated by using 75 (step 27) in place

PNote that Ts

depends on 8 (step 34), which can be first
of V5 (step 30) to

obtain step 31 and 32.
Note that T)/T)' (step 38) depends on

can be first approximated by using 7¢k (step

&glue of 7y = 1.4 1is assumed as a first approximation in trial-

7). (step 41), which

“I[ﬂ:i!'!"



37

NACA TN 2357

' £

*sTsATRUB UT PosN UOTFBINITIUOD JO UDQaNg -°T oINTITJd

TR Iw\muo:w AIM. L»QEQ:QW [Tmm:tiw#.'
| u

asnoyx 3(

onsnqwornf N.mkc.NCH
‘o 4 / O wonoas
q | |

N Q\‘NM\

\» uoi1223.41p

3 —
7

MOJ L=l
mol) [ousduT - /441

Apoq jpaf-wby

molJ (oudalxy _

o'y



NACA TN 2357

38

"0 Jsjsuwesed MOTJI-SSBR -'g SINITJ

*q017d Io9S®N (B)

I
§F tv  OF 9t 2¢° 820 vZ' Q2° 91" 2I" B8O ¥0° 0
N n\m,m.mczv g _ m 4 - —f—t
R T P e s = e e e B B e g o 4
——— @m\Avmn“ﬂWH\111+l p— T~ el /
mHHMMMMH\HUMH\W\\\\J\\\@M”“#\\f\\\+\\\ \\\\\\\\\\\K Y\\ \\\
_ T o QeI T e ARE .
SN B AR i et G e
I AT ! v
— b1z 170V D 2l \.\\ / ” ¢
i Lo 2 NuaN\L_ = 7 O aua
G O 1 = A L 7 AL B
! ! : “ m\ ’ \ , |
: i W s,
Gzt | \ Pz 6
7 N 7
el
9
A X Y
00701 o7 - wo\\§|m| - w\ N \ /
957030 =19y , Wty \.eo »,
, g
; (72 Py \ 6
| ! !
._ I Q\



39

NACA TN 2357

S
2/

i

/
A
/|

12

a4

" PR I

s

A9

A/

ye

i

§474%4)

/-
[/

NN
WP

?f

i
JO6 120 1
i i ot
i
Lelidy JSEW I i

Ry

/

AN

7

'y

L ALK
YAy

i

STaVavi

e

R/

f ;

'y

i

IiVivivs

WIVIVAVAN iV

3
S
Q
N
3 T
—_— T —r
e l:lL“.I[ , P
= ==
—— ]
J...’!.l..‘.IJlll
o T T
= —~
| PRbEs R
¥ T
e

=0 to 1.90.

0 to 0.25; o'

(b) My =0 to 1.56;5 My

Figure 2.- Continued.



NACA TN 2357

4o

90 to 3.80

0 to 0.25; a' = 1.

0 to 0.54; M

Figure 2.- Continued



L1

NACA TN 2357

A

3.80 to 5.70.

My = 0 to 0.25; a!

0 to 0.36;

) My =

(a

Continued.

Figure 2



NACA TN 2357

ko

My = 0.2k to 0.50; a' = 0 to 1.90.

3

56 to 1.56

0

e) My =

(

inued.

Figure 2.- Cont



k3

NACA TN 2357

CTETS

R

: e bony

U, R RN SRS SETN F SN S LS

dot i .
. R
T

1.90 to 3.80.

My = 0.38 to 0.80; My = 0.2k to 0.50; o'

(£)

Figure 2.- Continued.



NACA TN 2357

Lk

T0.

3.80 to 5

2k to 0.50; a' =

»

=0

y Mo

32 to 0.50

0

- Continued.

Figure 2



L5

NACA TN 2357

5.70 to T7.60.

.22 to 0.3k; My = 0.12 to 0.36; a'

=0

Mo

)

h

(

d.

Continue

Figure 2



NACA TN 2357

40.

a' = 7.60 to 9

’

= 0.12 to 0.36

My = 0.22 to O.

(1)

d.

Figure 2.- Continue



b7

- L

p

£
H

.7
s
)
BTl

3

'3

7

&
7
s
/ 4o

Y
5
b Lol
VY
f{

%
5

»
7o
Lt

7\

b

f"; fed i

L

?I
[

A

f
4
g

d""

4
4
s
or
')/’.v
2
!

4

¥
4

A

s o)
A
'y

'

(A
/

7

Vi
/

A
/l
A

LA r'l'[
v

)

i
vy

i’ d

¥;
M

A

fﬂ 4
4 oA
YA Jiﬁ

o

({‘
’//;r .

’
H

g
A
p
A

i

7
727

{7,

W,

A A
’f/_ Z/ Eﬁ’

- Vol 157 250
jddf}l Ao

iy

NACA TN 2357

a' = 0 to 2.20.

0 to 0.25;

Mo

Flgure 2.- Continued

00;

MO=1.6O to 4

)

(J



NACA TN 2357

48

I gpme

ZZ

g

Iz ol

b

7
P

L

%

¥

c"u
a

Sl
32

4

A

.ho.

a' = 0,60 to 2

M, = 0.25 to 0.50;

60 to 4.00;

=1

)

(k)

Figure 2.- Continued,



k9

NACA TN 2357

%e

_2/,

N / , . / 3:
T U/////
- S

|

N

,V‘T")

(1) My = 3.25 to k.00; My = 0.25 to 0.50; a' = 2.L0 to 4.00,

Figure 2.- Concluded.



NACA TN 2357

50

4

*.g J9jowsxed uolqTppB-1BSH

ot

*30Td x93sBW (B)

O
0z

-+ aandTy

of

T 1
e |

@<

\

.m.\ln\

.me

of



51

NACA TN 2357

B' = 2,80 to 6.60.

3

= 1.00 to T7.30

-3

To

A

My = O to 1.30;

b)

Figure 3.- Continued.



.52 °

NACA TN 2357

O

o)

IS ok

h
- D
<
™~

S |

=2 e - e
{ e (
P ] iu
S
, 0
z2 .
({74 - -
a
|G i
Al ) ) S22 | ..l
i

|
|

|
O OV TGN IRINIG GO O W IN IAN IOk,

l

IREER Ay LT e

A e & A

(c)

ATgp.3

My = 0 to 1.30; —

= 7.6 to 15.1; B' = 6.40 to 9.20.

Figure 3.- Contilnued.



53

NACA TN 2357

AT
40 to 2.70; ;§'3 = 1.00 to 6.70; B' = 3.40 to 6.60.

=1

Figure 3.- Continued.



NACA TN 2357

54

4o,

.40 to 9

g =6

6.40 to 15.10;

ATte_ 3
To

)

40 to 2.70

(e) My =1

Figure 3.- Continued



25

NACA TN 2357

;_. T
. D
oS
q
z a
&y
@GO
o
AIH
MY
3
/ m,_
A
by
A R
\ !
1\ q
Nt D q
Au. /u,u

B' = 4.00 to 6.60.

s

1.00 to 5.50

To

(f) My = 2.80 to 4.00;

Figure 3.- Continued.



NACA TN 2357

56

= 6.40 to 10.00.

BI

.
4

60 to 15.10

L

3

0

T

H

.00

80 to 4

My = 2.

(g)

Figure 3.- Concluded.




NACA TN 2357

o7

0.9 _
~ = -
] 1 |Fg. et 1]
0.8 9’/5::f/££3:: = J
P sa=drdiin
0.7 1 1 //}/ o 7(}_‘
Fig. #() /C; # ?74y M}
0.6 '9 L L 'g- 1g. )
} ///// & /] f/ g
05 /4/% Y /W/
! L —— L A ]
° o WBR 190l g0 1 |-g0 | o] i 9k ,73‘
A L
0.3—Fig. 14@) /| ﬁ@ ﬂd/ 4 Fig. 4@/
: / 1/ i / _
0.2 ‘/ /m_/,/ / :/ / !
/ 1B
oA w/[_ T T
1/ j : ] ! / | SNACA
VI /
0 04 Q8 Ik L6 20 24 28 32 36 4o

Mo
(a) Master plot.

Figure k.- Pressure-loss parameter 6',



58 . NACA TN 2357

N
€3

o
A

=
B
o™

e

. N

Gty i

|
\
| \\
S
ENNENE
—
|
[ —

g ] 4l

T

P

B A

AN O R (720 T T O O N 8 S N O > 20 O
! i , | A
' ; V76

] ;
- Pt3 - v
(b) My =0 to 1.30; 14 [==2}n_ = 0.40 to 1.00; 6' = 0 to 0.36.
Pin) P

Figure L.- Continued.



NACA TN 2357 ' 59

B T

¢
7
i - ( N &

=\f§\
L

B
A |
‘\\A‘vv;
X “4;“‘”7 |
T~ ]

e

Hc /
/7 : d._L?¢?/v
f. / 46/

=
Lo :
\Q\
—
-

T —
L7

S
L

M.
O
\
Poep : i : -
=TT T
b~
——
\
\
S

B

\
|
}
—
]
| _
——

i ;

I
[N B ae e
; 1 | T “-—-\‘“\L !

N;J
N |

: \F"‘\m‘. i
T - o 'r e

|
[ s s e S A

T ——
\’\l\
] f | ‘ ’ :
\-“T'"-—-A-k
!
— . N

e —r—

S—

| : :
|
|

Q \»\_‘_s\
o [
i R
b\\
|

11 76 8 | B0 28
Vs ~_NACA _~

L1

/VIC

s

(c) My = 1.00 to 2.30; ng <§f§> n, = 0.10 to 0.72; 6" = 0 to 0.36.

Figure L4.- Continued.



60 NACA TN 2357

i ’14! 1:

O
N

\\

Nl

b4 .

£ 4 i
A4V r
% e

4]
&)
\\

G S T Y T I
N
™
0
N
™

IS
N

A
-ERNLYEN
<
N

B
e

/. ANan // / / 17 g?z

SV arait
LA

/» / | //': / [/ / //

Gy

Q)
\\
g
\‘1
~
T
]

e

A/
L6 L )] 120

S Exogs uoned SO SINAT ERSIE IEP: OO

=
D
o
N

RN
N
B
Y

.

' et NI
LAY

(d) My = 0.80 to 2.10; n4 (?) n, = 0.18 to 1.00; 6' = 0.32 to 0.68.
t2

Figure 4.- Continued.



NACA TN 2357

61

o

l

A

o1

O |

| !
b,
\\
{

N

i f
! ! T
— e ¢ :

Iy

—
-‘\'
——c T :

A

1200

ERREZ IR R NE IR
15

A
VA%
1

= 2.00 to 3.30; 14 (ﬁ 2)

Figure 4.- Continuead.

= 0.03 to 0.18; 6!

= 0 to 0.36.



NACA TN 2357

62

"/X
AN
L

L
,//‘e

L A E
44
V4

B8 S i e

AR

0%

2

AVY
/‘Vfa

2

W
/
v

e
1A

e

/

pay

P,

7Y
‘ a ;/%/'

4 ,/fw

/]

/

Py
&

i

i

v

120

B4
/

B
/ : 4
A

) 477

Vol

A 7;‘/

N7 2
. =~
R

0.04 to 1.00; 8' = 0.32 to 0.68.

Tn

Figure L.- Continued.

t3
t2

(f) My = 1.80 to 3.10; ny <§



NACA TN 2357 63
///‘ ¥ 4 _ 7 v
A A A
LA A
LAY DA A LA //“f“w,i;7/ A
fi /><G;V/%_/// /j/ 4 4{ | Az//
P gy MvARydRny iinnRydEnEn
LA /A)/*Re../ ,,// HNRYE RPN
A A
s6F- A iy
// /_/ /// B /’/7 | // /)/ e
. | . ] // _AW://“»_ // _

N
\\
S~

o
e}
o~

L
L3

(g) M, = 2.80 to 4.00; ng <§3§> 1, = 0.02 to 0.20; 6' = 0.32 to 0.68.

0

t2

Figure 4.- Continued.



NACA TN 2357

6k

*PepPNTIu0) -4 IJINITJ

1

T d
u mmmv P foL°€ 03 00"z = I ()
! M

"98°0 03 %9°0 = ,9 ‘00°T ©% §0°0 =

.,v_q

R wnainh ERRRS A0SR T
1 T

NN\

N

NNNAONREINENE

'R \ \\\\\ "\ \

AUAN

NN
LD
D

A

SERNY

W |




NACA TN 2357
71
F
| Frq. STB)
{
AI 2 \ | F/j. 51c)
Ll
]
/ | D R
\\g D B
d
0 / 2 3

(a) Master plot.

Figure 5.- Pressure—loss parameter \'.

65



NACA TN 2357

66

=700

00.

0.10 to 1.

i =

(b)

Figure 5.- Continued



67

NACA TN 2357

.00 to 4.00

1

Figure 5.- Concluded.



68

Combustion-chamber total-pressure ratio, PtB/PtZ

.00

NACA TN 2357

7
///

96

92

88

84

.80

Za\
3
\

=
<
\
\

K
e
v

-
\
NPz g =aby
A= D
\ /\‘,/ L
' et *\5 g /\( // %?/
it AT\ LA
L é}i;:zi‘:%:;](lj f) J/X/L // ;:im:zigz;fh;;bTr outlet

| I

J6

O 10 LO S0 40 S0 .60

Combustion-chamber inlet Mach number, M,

Figure 6.- Example of combustion-chamber performance curve.




NACA TN 2357 : : 69

30
Fiq.|7(d) /
| /-3

20
J 2 N
S /

D~

—F19. 7(b)——F13. 7(c) W
]
|

o / 2 3 + &
M

(a) Master plot.

Figure 7.- Chart for converting combustion-chamber exit Mach number to
exhaust-nozzle exit Mach number M3 to M.

A 7, Rx T
Multiplylng factor; -2 P_‘i‘ /_i 33
) A3 Pt3 73 R,+ Tth



NACA TN 2357

70

T T T TITITT
T FITITITITTY IR NEA
T T pising
il o "
¥ 1
T
T 3
1
I
I
{
; :
T 1
s I
i
+ ]
1
1
] pyies
1 1
- T
1 - s
i 1=
{ |
.,
N B
e §
T
; i > DR e
: oy
.~ 1
2 M i
N { T
P e
Ly f T Ty
.} S A9 | i i1
b} i
-5 Tomer
1
' ol | it
T ; oot
! ; ErorTene
T : -
|
7 ;
o g es:
y 4 A
- e gt e =
2 1 SRR, 1 1 y Lt [ i Rl
; t ;
A : R ]
: S e A =+ : : e
ul 177 N S 1 i . 1 o P fion E BT §5- VB FuNEL
o : ) 1 2 2 I 1 BB o | 3
Z s s — )
) 16 , At
- i e ; f genpee SxE E
R v ry >4 "k i ) e 1 I - b
i ] aa A ] ¥ T
- T 'y 7 : r n
i 0 3 n i) T ¥ 17 1550 i 1 J oo
7 t 7 4 S s ; T T 4 i
4 i) T i . . | | : 3 ” i i
I ! o i .
[ AP I T F90 laeving T
T : o o 1 v 3 £ [ i
1" ) = v 1 1 a ’ s ' i 1 o]
)  4.°F 1 Vel ' 1 v el ut
=  a ya T s
b 1 i . A T ol ] . t
R 2o b i bioluiniabeoe W it 1 i A £ I ! -
b Q 0 ” 7 soms
o — o | y oo :
1 s T T ] Vs ;
> S o i | o ; f : St
o ] rs z t |
P al i i1 1
T : ] ! fo
7 3 | T ’
i : = T t : o
1 i 1 i s t
1 Tt i
| " ! :
i i ! s 1 —
T 1
1
: ;
} kBN e T T T AR AT s 1 i Tt 1
+ " r 3 i A ;
EENEERGRY RSSNN SRNEE BRSEELUBES CHESE b1 RN ABes T t ARG RN B SEREN SEURRANSE AN | T o 11T ve
IR Tennh UbRaY) t inaen o H1TT i HH 1 R s { ] 1 t

Continued.

M = 0,38 to 1.00.

Figure 7.-

(b)



71

NACA TN 2357

M =1.00 to 2.20.

(c)

Figure 7.- Contiﬁued.



NACA TN 2357

72

T

1 1
Sy g dn g

00.

2.00 to &,

M =

)

Figure 7

(a

inued.

- Conti



13

NACA TN 2357

10

F gl i

SN 1

(e) Multiplying factor for correcting the ordinate of figure T7(d) to

.

correspond to values of 7/’7 other than 1,0

Figure 7.- Concluded.



7h NACA TN 2357

a7 Lritial [temperature ,|°R
| R—— i /
o o
06 §[I —3 Mé (7%/_
Fig 8e)| |
“~ 05 Al / /
> ALY L
= 04 , . / // '
SN W
\:{) | //}//{ F:gr. 8d)
3 03 —Hr—1—AAA 4—
- —~~§ -/—» ’////F/g
02 / [/—////
V4
01 A//// 1'
7
. Fig. 8(b) .
. P
0 1000 2000 3000 4000

Total-temperature rise > °F

(a) Master plot. .

Figure 8.- Relation of theoretical fuel-air ratio to total-temperature rise
and initial temperature for combustion of n-octane and air.



™

NACA TN 2357

"hc0°0 03 0 =

F

*peNUTIUO) -°Q

‘4 o00LT 03 40

oandT g

8STJI arnyrradwsay~-TBl0], (a)

il

T
b Al

137 T :

1 ] ) daingl
T

= umw.ﬂswwmmw




NACA TN 2357

76

90

*PINUTRUO) ~'g SINIJTJ

0 03 220°0 = J ‘H o0ONZ O3 009 = 9STI aanjersdwey-Terol (o)




T

e TS T T ™11
it T IsRsennes snans]
- T 11 na
T 1 .| p} i}

st 1 :

] T DN St
m ] B

1600

'S
t
T pat
"
"y
+ - t
- i Rt
& ]
% )
it 7
T
" ot
: . "B |
_, S gy
- s om
W 5 ‘L_‘J_
I TR 1 1
¥
{ o)
aw 1
IDDERES » Wy WEEN
.. ol
0
y -
N )
X,
=3 7
. =% o T o
BEERR
T

by

f'i‘

g {4==i]
e

gas

H
288

NACA TN 2357

0.034% to 0.066.

Figure 8.- Continued.

Total-temperature rise = 2400° to 3700° F; f

(d)



NACA TN 2357

78

’ r .
:
. . N3
pepNTIUC) ~°Q SINITY
. . . — 1 — -
8S90°0 O3 700 = F *d o000E 03 oOOWT = 98T sanjersdway-Te30L ()
Aﬁ 4: + T T >_, T Bt
1. M
£ T Ty T n
P o i MY T +
. o 1 t ,
1 o, i o
T f It H ,m!,_ :
} e a L g > 3 -
o T p o
i A R "
Sl I & 1 D) H H i
i HF 4 T 1 +
T > ) I I St I}
= i
i { | o -0y .
+ T fmT 7 T 1 i
]
=
11T i) ¥ ioa 1. 1=t
o H )
1 F T
) T
1 T I T T
177 w,
1 1 YT
! et L I
t
1 1 . i 1
1. 1 X LT
, ; t =
]
11T T b il
b 1 I
. T I
! f
r § i B &
: SESSE
¥ 1 iR 1
Ay = :
T, 3 i
1 T 1 T
O - ;
; | - L "
: ¥
f- ) N + i T ; _rl_
1 -~ T
E y A . ¥
1 ) T it Ly
" | Ay 1
{
y
1 1 ,
F B i
} _
1 : T
F Eaisees
¥t AT +
: + s M -
I ,, 1
A d n 1
ot 4 1
} 1 R
. L
!
o N i
+ 1 1
_
] 1
e
. - ds
" — BN e .
1
=
SaR e ot i [l S
ﬁ. i _m i 1 mﬂ:




NACA TN 2357

Yo

Figure 9.- Mass-flow-parameter correction factor a/a'.




NACA TN 2357

80

*nf BUTUTWIS}SD JOF J9QUNU YIBW YITTF Po3snlpy -°0T oIn3td




11 NACA TN 2357 81

&
__ %
< #0.
b—13.11(C
3 L A /28
74
Mpa6 , ,///4 420
) | Fig Q" //l///
/ yd
- /// eo
e
/ EF/g //(b) // / I
Zd ¥ I
A1 —
N7y
i
0 / 2 3 X <3

Mo
(a) Master plot.

Figure 11.- Adjusted flight Mach number for determining 6''.



NACA TN 2357

82

T T T
I T INNS FRE 1L
e HHE T tE
S pAmm ma T AR RREt T
+ {1 1 - T
3 Y
_ .
! =) * 11
a 1 SILTRATT _.
7 P ks B :
} et 1T
1
} t
T : = T :
1 1 :
T 1
14T 1 4
T I oo
H ) 1 ! )
AR H) B - §
T 1 1 ey e . J InEny
T R
T o
i .
SRS} - )
- !
| T
1.
f = 1
i
) T 1
1 T 127
: oo o mmas
I ,, T T b
1
- + J
T >_
1 1 J
} T
1
) T
T
X TR i !
h ¥ - TR
I H r T isap). * i
N ]
Nk R TR e . PR
+
o, 110 W th T ) l}‘ﬂéu.fz
43 N
e N - _ -
AN T
i N T P Tt
N b W) W) I} 4 1 1
n; i, B ol W 4
Y N N o
SN X 7 youi) l
b 0, Y. WS, T . WD T
b,y .
Nk ’.‘.f N T ) - -
X,
SN ¢ g
i, Y e OA N 1 | "
NN 1 i -
o +
RS, T TRt N
2, % Vi, Wlmivle} 1 ~
: N : Ebe CrbEs aea
Ay - S "
DAY :
i SR 1 :
: DL\ ) i
[ W\
&N 1 +
P, " irEs!
" ans =4 o :
: =1 ; 0N 1 i
i N
; L = i h T
- pheiopeposens
1 " -+ W 11
. T : . i T
i o, ;i
i 1
b ” t - T
T T ] = ]
e ; " "t 3
T ] T ) 4 ] H i 4
it ¥ - e |
i X
T T
T . ! i ™
e 1 T Il T 4. ) 127 I - 1
1 B o s i
T : 2 I 1
g ™~ - el 3
A 13 o I TN : T 4
gini ) H I i
: 4 - T %
1 T R +
= T 1 1 )
0 1 t i
; : "
1 L b
- i i el t
{ e " ) o
; T : 13
i " T - T
I} 1 b = + T : I A
Loy i 1 i

0 to 1.20.

Mo

(b)

Figure 11.- Continued.



83

NACA TN 2357

wn) T T T ywon s ; T T
TR bRs: S ESaae SRENE REGS! 110 T N ARl
IR 5 1 T JA
e —t T } T
) 1 1 mn 1 rEm ) bRi
I 1 n)
! e
o H
= - T Tt
T g e
)
= " - e
S AEEEr o :
T } :
+ -
e 1T T
. 1
: N : :
: : et A
! ;
I 1 .. 1. . .|
: 1 T cu i e :
N i
LY FREBRINS pas "
A Y e
NN = } e 1
-3
o\ , s :
B ERE=n :
\ 1
X ym T 7
s G T + ]
N\ ;
hY ¥ T T
N 1 p
N
a7 e a SR Bl T T =
e e -
T AWy 1T 17T ] 1
T XN 1 i} =) ;)
N X . 1 1
N A T B o ! t+ 1=
Lt « 1. I &5 1
N - VA Y T =1 ==eq
e = N -
120N X 1 T Y it
NC \ ! ] J T =
i i ; n.rau
A - T ]
z ) W) P 1 T -
N SN _ = <
; = ; : : 1 .
t i , o 1377 1 -~ W ) T i o) =4
X T
. % T X
, ! N 13 ] T ) 1 1 I
NI NN = t : i 1T o
X » Ay T 1 N 1T 4
X -
X 1 T. Il MO -
N 1 = P
. B o) 1 e
: 1= T g
R -
hY T
AW . —
N, i Ho Tt T
N B L A T =
N Il ”
T 1 n 0 T
1 1 3§ } ! 3, X Y
t ; T T T + n v X T f
T i i : ! / N7 A 1 )
T i t N N
: : I X! N = " "
. T : T 7 5 = 1t i 1
m " ) T i i I A 1 114 N 1 o - T 157
: X
e N
‘! 1
P T 1= ,ﬁ, | m T e 1 T
: ol N ! . T
1 - IR I ) "8 | n
T t Y N A\ ! :
n ; o 1 2 T ; s
.y e 1 , b 1 TN H H 1
| I T . 1 I 1. 1 d i T TT i 1!
- v 2 v -
o o ™ T T T i ) bt N N b 1 .|
o =1 i ol T N % N Y ) +
. I ] g i nan f ~ NG e v T A
. AN ~ h h )
T 1) * X N T )| X
{ e ) I (1D 0.8 . uj 3 ]
W“, ] i 1 Il I 1 N o W ” Z N Z =)
T 1= 1 R BERRRE e R R Thgl--4-N ] s 4 + Eaas
I L v
B R : . b, ‘B B &y
oo ds Rt ' 11 1 T R, o) N f i Eamwa
RSP D { I} 1. D, " 1 o 17 1 133=T
= | 1 i
T
! 1
: !
T
1 :
)| — In
. I R B
} =
3 i
f
L. 7
o ! 1
uinds 1
1
b o . ) ys)
ReEEet” i HHH
11133 1 11
1Y HH

(c) My = 1.20 to 2.60.
Figure 11l.- Continued.
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Figure 13.- Pressure-loss parameter A
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ratio from O to 0.0658 (stoichiometric).
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-addition

-loss parameter 6.

- Relation of nozzle static temperature to heat

16

Figure

and pressure

parameter B



NACA TN 2357

9L

Ao ]

A

7y

/ /

LTINS

/

/
y) ’/?{// £
VARAV AW

5 3' 9

A4 7"

Tt

V7

/0

7.0 to 10.0.

BT =

)

Flgure 16.- Concluded.

b

(



95

NACA TN 2357

T =T

Figure 17.- Correction factors for detemmining nozzle-exit static

temperature for method IT.
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